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186. PHASE RELATIONS OF C I R C A D U N  RHYTHMS: ANIMALS 

Some information provided herein is limited i n  value s ince the or iginal  articles nei ther  reported on sampling var i -  
ability nor provided numerical data for a s ta t is t ical  estimation of rhythm parameters ,  as indicated in  the table 
by the lack of confidence l imits  for phase and amplitude values. Pha.0 Markor: that feature  of circadian rhythm 
chosen for  indication of phase relations--e.g., m a r k e r  can  be c r e s t  (high point) of rhythm. C r e s t  is italicized when 
determined by harmonic analysis--e.g., the "cosinor" method (see P a r t  I, re ference  23); any effect of a nonsinusoidal 
shape of circadian rhythmic function then remains unevaluated. Unless otherwise s ta ted i n  the l i terature ,  the crest- 
phase est imate  o r  sample phase, q,  is a s ta t is t ical  average computed f r o m  data  covering an  appropriate number of 
circadian cycles. The data may be obtained"1ongitudinally" f rom one individual, ar .d/or"transversely"  from a group 
of comparable individuals during one o r  a few cycles. Abbrcviutions and Symbols: rp = sample phase (see above); 
A'P = any consistent change in 'P. unless otherwise stated in the reference;  -Arp = delaying change (one o r  a few periods 
lengthened); +A" = advancing change (one or a f e w  periods shortened);- = approximately; A t  = t ime interval between 
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1 186. PHASE RELATIONS OF CIRCADIAN RHYTHMS: ANIMALS 

I 
b 

consecutive observations; L = light; D = dark: LL = continuous light: DD =continuous dark: Q = fluorescent lamps: Li = 
incandescent lamps. Figures in parentheses after L give intensity in lux (values originally reported in footcandles 

time--e.g., L[12 hr]:D[lZ h r l  = a cycle of 12 hours of light alternating with 12 hours of darkness;  Li(50)[060°-1800]: 
D[18m-0600] = a cycle of light at  an intensity of 50 lux (incandescent source) from 6:OO a.m. to 6:OO p.m., alternating 
with darkness from 6:OO p.m. to 6:OO a.m. 

4 have been multiplied by 10.8). Figures in  brackets after L o r  D give either duration, or span of clock hours in local 
I 

1 

Part I. REGULARLY ALTERNATING LIGHT DARK CYCLE 

No. of Daye: t ime span covered by observations. Synchronizer Schedule: lighting regimen. Serier Average: the 
mean from a l l  subjects and samp1ingtimes;"X = 100%'' indicates data were reported only a s  percentage deviations, a t  
differentt ime points, f rom the overallmean value. Circadian Amplitude: the difference between the highest (o r  lowest) 
value and mean value in a sinusoidal oscillation; determined by harmonic analysis. Values in parentheses a r e  con- 
fidence l imits roughiy equivalent to  estimate "b" (see Introduction). Values in brackets give one-half the range of 
group means over the circadian period, and were included a s  an approximation of circadian amplitude when only 
group means at  different clock hours were available. (P of Rhythm from Different Originr is given redundantlyin 
seve ra l  units: in degrees from "Mid-D" o r  "M;r*-L" (with 360' = period of rhythm--e.g., 24 hr):  in hours f rom 
"light on" ( L o n )  or "light off' (L-off); and in local clock t ime (only fo r  the 24-hour synchronized rhythm of man). 
A minus value denotes that the phase marker ,  on the rhythm, occurred l a t e r  (by the span specified--e.g., in degrees) 
than the temporal reference point o r  t ime origin. Values in  parentheses a r e  approximate confidence l imits,  95% o r  
99%,  indicated by one o r  two aster isks ,  respectively. 

NO. of 
Subjectr - 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1 1  

I Serier Circadian (P of Rhythm Ref- 
Aver- Ampli- from Different er- [Kame Marker] ape tude Originr once 

No* Of Synchronizer Dayr [at, hr]  Schedule 

IEpidermal mitoses, '% 1.9 

Skin reactivity to  his- = 
of cells [Crest1 

tamine [Crest ]  

roid, pg/lOO ml  DrZ 3m- O7Oo] 
plasma [ C r e s t  1 

ty, a rb i t r a ry  units 
[ Crest ? 

Diurnally Active 

Yololno sapiens 
1.3(0.6- ILmcal OOM: OW 41 

24(16-33)  Mid-D: -290O 38 
2 . 0 )  (22W-02")* 

Local 0Om: 2Z6a 
4(2-6)  Mid-D: - looo  22 

(-45 to  -144)** 

(06m-1256)* 

(-123 t o  -193)** 

Local COOo: 09- 

5!2-8) Mid-D: -159O 9 

, Local OOm: 1 3 6  

193d,-20 I 

Testosterone, pg/lOO 0.72 -t ml plasma [ C r e s t  1 
2[06a-231e;: 
D[23'"-36"] 

P - - p z 1 -  I 

(1114-15")* 
O.l l (0 .04-  Mid-D: -128' 7 

0.18)  ( -61 to  -210)** 

I 

[Crest  J 

4 

-- 

2253-0253)* 
0.33(0.27- did-D: -191" 27  

0.39) ( -183 t o  -199)** 
Local 0Om: 15* 

( 15la- 16")* 

(-62 to  -118)** 

(071'- 1 W)* 

9(6-12)  Mid-D: -88" 

Local OOOo: 08- 

2.09(1.27- Mid-D: -94' 
2 .91)  (-71 t o  -120)** 

Local OOm: 0916 
( o F - 1 1 = ) *  

1.07(0.64- Mid-D: -141" 
1.50)  (-117 t o  -164)** 

Local O O W :  1 2 s  
( 1 W7- 1 3-)* 

,[07=-23=]: :Oral temperature,  "C 
D[23a-0730] 1 [cres t ]  (-181 to -221)* 

O r  active a t  undefined t imes.  L Approximate r e s t  o r  s leep span of the daily regimen corresponds roughly to  the 
D span of the synchronizer schedule. 5 Observations on different subjects. 5 Repeated observations. 

continued 
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Sorlor Circadian P of Rhythm 
Bioloplcal Variablr Aver- Ampli- from DWrront No' '' Synchronleer 

[ ~ h a o e  mrkorl age I M a  Oriplnm Schedule 
No' Of Dayr 

Subdoat' [At, h r ]  - 
12 

13 

14 

15 

16 

17 

l e  

15 

2( 

21 

22 

2:  

2' 

Rof- 
or- 
enca 

8 

1. sapiens% 
I d ,  3 7 y r s  

-1% 

1-41 

Pringilla 
coelebs, 3' 

;allus do- 

Natural lighting Mitoses in tes tes  
(March) [ c r e s t ]  

L[08m-22m]: Susceptibil i tyL t o  ether 
D[22°0-08"] chloroform, & carbon 

tetrachloride; minutes 
recover  t ime& [Cres  

L [ 2 h r ] : D [ 2 2 r ]  Eclosion TMedianl 

mesticus, 

~ 

190d. 14 da: 
Dasser do- 

Mid-D: --135'; 36 
L-on: -22 h r  

Mid-D: --120'; 
L-on: 0 h r  

Mid-D: '1-200'; 
L-on: -3.3 h r  

Mid-D: --12OO; 
L-on: -4 h r  

Mid-D: --75'; 
L-on: -3 h r  

(P f rom first L 
signal s imi l a r  
to  that observed 
with complete 
photoperiods 
(see entry 1 8 L  

L-on: -5.5 h r  . 

L-on: -1.4 h r  

L-on: -23.3 hr- 

L-on: -16.9 h r  

Mid-D: -270'; 

Mid-D: -200'; 

Mid-D: -180'; 
~ 

Mid-D: - 6 8 ;  

mesticus, 3i 

urticae, 
retranychus 

4500L 

L[8 hr]:D[l6 h r ]  

'L[12 hr]:D[ 12 h r ]  

Wosophilu 
pseudoob- 
SCEWU, cul- 
tures  

Eclosion [Median] 

Eclosion [Median] 

Diurnally A c t i v A  
I I 

4 [-3.31 L[O6"-23l61: 
D[2316-06461 

Urine 17-hydroxycor- 
ticoateroid, m g / h r  
[ Crest 1 

Urine 17-ketosteroid, 
mg /h r  [Cres t  1 

I I 

(L(400)[12 hrl:  ]Activity [Onset] 

Liver glycogen, % 
[ c r e s t ]  

I 

L[l6 hr]:D[8 h r ]  IEclosion [Median] IL[ZO hr]:D[4 h r ]  ]Eclosion I [Median] .. 

ods: 1-12 hr ,  with 
L:D span = 24 h r b  

~~ 

Nocturnallv Active 

Wesocricehcs 10 [11 L[12 hrl:D[12 h r l  Activity [Onset] 
auratus. 3 4  
Wus musculus 

L[08°0-20m]: Susceptibilityl-. t o  pen- 
D[2 Ooo- 0 8 q  tobarbital anesthesia,  

d 

Mitoses in l iver  paren- 
chyma [Cres t  1 

dermis  [Crest  ] 

- 
25 

0.17(0.13- Mid-D: -130' 27 
0.20) (-117 t o  -144)** 

Local 0000: 11" 
(1 047- 1 2 9 *  

O.l(O.07- Mid-D: -99" 
0.14) (-78 to  -126)** 

Local OOm: 0 9 s  
( O w -  1 1 a) * 
L-on: 0 h r  

L-on: --14 h r  

Mid-D: -90'; 1 

[ E ]  Mid-D: - - 2 5 5 O ;  42 

I I 
IMid-D:--45": I 39 

[31 I L-on:--21 h r  33 
Mid-D: -(-75 t o  

-120O); L-on: I I -0.3 h r  

Mid-L: --90'; 1 

I 
L-off: -0 __ ~ 

- x =  130% I Mid-L: -0; 
100% L-off: --18 h r  

- L q 4 h r _ - . - . .  

L O r  active at  undefined times. ?L Approximate r e s t  or sleep span of the daily regimen corresponds roughly to  the 
D span of the synchronizer schedule. 5 Repeated observations. 5 5  Single observations.  5 Each bird was studied on 
the day af ter  capture, at  a single t ime point which varied among birds .  5 Susceptibility rhythms r e f e r  to  physiolog- 
ical  changes dependent on the t imes (circadian system phases) at  which exposure-to the noxious agent occurred. 
&Evaluation based on recovery t ime of 50% of subjects.  L e.g., L[15 min]:D[11.5 hrl:L[15 minl:D[lZ h r l .  

continued 
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186. PHASE RELATIONS OF CIRCADIAN RHYTHMS: ANIMALS 
Part I .  REGULARLY ALTERNATING LIGHT: DARK CYCLE 

0 

No. of No* Of Synchronizer BioloOical 
Subjecte [i;yr] Schedule [Phare Marker] - 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

5Y 

40 

41 

42 

43 

Seriee Circadian (P of Rhythm Ref- 
Aver- AmpU- from Different er- 

age tude Origine ence 

Bagg albino 
360 

1 2 ~ .  10- 
15 wk 

120d, 4-5 
mo 

Nocturnally Active 

1 [4] 

1 [41 

1 [41 

Lf(10-150)[06~-18m1: Adrenal reactivity to 

WlO- 15O)[06Oo- 18OC]: Inorganic phosphorus, 

Lf(10-150)[06°0-18m]: Susceptibil i ty5 to oua- 

D[ 18w-0600] 

D[18w-06"] pg/ml plasma [Crest] 

D[ 1 8m-06m] 

ACTH, in  v i t ro  [Crest  

bain, % mortality1! 

f. musculus 
>60 

Mid-L: -240O; 
L-off: -10 h r  

Mid-L: -326O; L- 
off: -15.7 h r  

Mid-L: --300°; 
L-off: --14 h r  

Mid-L: --180°; 
L-off: --6 h r  

Mid-L: -37O(-18 
~ .. 

to -57)*; L-off: 
-20.5 h r  

Mid-L: -0O; L- 
off: --18 h r  

1 [41 

43 

32 

17 

25 

21 

44 

Lf[ 060°- 18"']: 
D[1 8"0-06"01 

- 
104cfVL 

120d9, 
mature 

3409, 2-3 
mo 

Mitoses in adrenal cor-  
tical parenchyma 

tical s t roma [crest1 

.&rest 1 
1 [4] Lf(10-150)[06°0-18~~Change i n  s e r u m  corti-  

D[ 18w-06WI costerone after ACTH 
injection, %13 [ c r e s t  1 

Lf( 10-150)[06w-18m]: Susceptibil i ty5 to endo- 1 [41 
D[18m-06"] toxin, mortali ty13 

+( 10-150)[06m-18m1: Hypophyseal adreno- 
[Crest ] 

D[ 1 8°0-0600] corticotropic function, 
in vitro% [ c r e s t  1 

Colonic temperatwe,  OC %&I[rl lQ[06m-18m]: D[1 8°0-06co] i [Crest 1 
~~ __ 

Adrenal corticosterone t [Crest I 

Fluothane, % mortal- 

100% 

100% 

1.4) 

z y  
100% 

4.- 100% 

12.1) 

-210 [1101 rqiilT-- 100% 95) 

100% 

I- :* x 100% = 45%(34- 

-+ ... 

'Mid-L: -150O 
(-127 to -174)*; 
L-off: -4.0 h r  

(-106 to -224)*; 
L-off: -5.0 h r  

(-123 to -198)*; 
L-off: -4.7 h r  

(-340 to -378)*; 
L-off: -17.9 h r  

(-162 to -179)*; 
L-off: -5.4 h r  

Mid-L: -165O 

Mid-L: -160" 

Mid-L: -359" 18 

Mid-L: -171O 20 

Mid-L: -85O(-54 15 
to  -117)*; L- 
off: -23.7 h r  

(-80 to -134); 
L-off: -1.1 h r  

L-off: 5 - 2  h r  

Mid-L: -107O 26 

Mid-L: --120°; 25 

1 
Mid-L: ---bo0; 1 ;; 

L-off: --22 h r  
Mid-L: -48O(-34 

to -62)*; L-off: 

Mid-L: --60°; I ;O 
Mid-L: --60°; 

L-off: 5-22 h r  

L-off: --22 h r  

5 llepeated observations. 5 Single observations. 5 Susceptibility rhythms r e fe r  to physiological changes dependent 
on the t imes  (circadian system phases) a t  which exposure to  the noxious agent occurred. 3 &e also P a r t  IV. IAEval- 
uation 3 hours a f t e r  intraperitoneal injection. Evaluation within minutes a f te r  injection. 9 Evaluation 10 minutes 
to I week a f t e r  injection. LS Evaluation 15 minutes after injection. Adrenals 
rcrrlovcd a t  04"- and Incubated with hypophyseal glands removcd a t  different clock hours. Various ages. 1% Eval- 
uation 6 hours  a f te r  injection. 

Evaluation 1 week after injection. 

Evaluation 7 minutes after exposure to vapor. 

continzied 
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186. PHASE RELATIONS OF CIRCADIAN RHYTHMS: ANIMALS 

Parr I .  REGULARLY ALTERNATING LIGHT: DARK CYCLE 

Serier  No' Of Synchronizer Biological Variable Aver- 

age [At, h r l  
Schedule [Phase Marker] No* Of Dnyr Subjecte 

Circadian cp of Rhythm Ref- 

Origin8 ence 
from Different er- Ampu- 

tude - 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

Lf(10-150)[06m-1800]: 
D[ 1 8w-06w] 

L f ( l l ? O ~ O 6 0 0 - ~ ~ :  
D[18m-0600] 

j , , P - -  

Susceptibility5 to  au- 
diogenic convul- 
sions a [Crest  I 
methylbenzanthracene, 

Susceptibility2 to di- 

. - 

Lf(10-150)[06m-18m]: 
D[18w-06W] 

260d, ma- 
ture  ] 
-200d .  
5-1 1 w k 5  

Webster 81 
C3H. 60d 

Liver glycogen, mg/g  
[Crest  1 

ZBC3 

wk 
l Z O d ,  4-5 17.1 

g = 
100% 

-. x = 
100% 

x = 
100% 

-140 

1 [41 15.8(14- Mid-L: -294" 3 
17.6) (-288 to -300)"; 

L-off: -13.6 h r  
4@T-- Mid-L: -270O 

(-196 to  -346)*; 
L-off: -12 h r  

14% (9- Mid-L: -177O 
19) (-156 to -199)"; 

L-off: -5.8 h r  
13% (9- Mid-L: -164' 

17) (-146 to  -182)*; 
L-off: -4.9 h r  

~~~ ~ ~ 

[201 Mid-L: --180°; 10 
L-off: --6 h r  

Zattus nmvegicus 
36 

Lf(10-150)[06M-18"]: 
D[ 1 8°0-06"] 

Sprague-Dawle 
4::-10 11 h1 

Liver DNA uptake of P: 
[Crest  1 

90, 6-10 2 2-6 q 
4[06w- 18"l: 

D[ 1 8W-06M] 

L[06"- 1 E"]: 
D[18'-06"] .. 

Lf[06W- 18"l: 
D[1 8°0-06wI 

4[06m- 1 EM]: 
D[1 8w-06w1 

L[08"-2 0001: 
D[2 Om- O8Oo1 

_. 
L[O6@'- 18"l: 

D[18W-O6"I 
7 G q i r  

350-400 

______ 

Adrenal pantothenate, 
mpg/mg fat-free dry 
wt [ c r e s t ]  

Hypophyseal prolactin, 
~ . ~ . / m g  [ c r e s t ]  

Suscept ibi l i ty5 to pen- 
tobarbital, % mortal- 
ity [ c r e s t ]  

Susceptibility5 to  tre- 
morine, % mortality 
[crest] 

hormone, U.S.P. milli 
units / hypophysis [Crel 

Neutrophils /mm3 blood 

Thyroid-stimulating 

[Crest  I 

[Crest  1 
Eosinophils/mm3 blood 

es/mm5blood 12,200 

~~ - ~ - . . - 

c r e s t = ]  

D[19"-07"] body X-irradiation, 

L-off: -15.2 h r  
Mid-L: -305" 2820 

(2020- (-289 to -321)*; 
3620) L-off::14.3 h r l  

days for  50% mortal- 

Liver RNA uptake of Pa t- [Crest  1 

take of Pa [Crest  1 

1 - L :  -128O 1 13 

Mid-L: --60°; 14 

(-98 to -159)*; 100% 103) 
L-off: -2.6 h r  __ 

L-off: --22 h r  

Mid- L: -- 1959 
L-off: --7 h r  

Mid-L: --150"; 34 
L-off: --4 h r  

Mid-L: -- 180"; 
L-off: --6 h r  

- 
-160 Mid-L: 5-270"; 2 

L-off: --12 h r  
I I ~. 

35 2220 626(328- (Mid-L: -304" I 
(-277 to  -331)+; 
L-off: -14.3 h r  

(-291 to -345)*; 

5 Single observations. 5 Susceptibility rhythms re fer  to physiological changes dependent on the t imes (circadian 
system phases) a t  which exposure to the noxious agent occurred. ?L Evaluation within 60 seconds af ter  exposure to 
noise. 3 Evaluation several  months df ter  ora l  administration. 3 Evaluation based on mean survival time. % c r e s t  
r e f e r s  to maximum susceptibility, interpreted a s  the inverse of response latency. 

continued 
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186. PHASE RELATIONS OF CIRCADIAN RHYTHMS ANIMALS 

No' Of 

Sub'ect8 

Part 1. REGULARLY ALTERNATING LIGHT: DARK CYCLE 

Series Circadian cp of Rhythm Ref- 
Aver- Ampli- from Different er- 

age tude Origin8 ence 
No' Of Synchronizer 
Day8 Schedule [Phase Marker] 

[At, hr ]  - 

61 

62 

63 

64 

65 

66 

67 

- 

~~ 

~(400)[06"-18°01: Intraperitoneal tem- 37.3 0.6(0.5- Mid-L: -184' 

Nocturnally Active 

1 
I 

D[18"-06CO] perature, 'C z ?  I [Crest  I 

?. norvegicusl ~ ~ 

0.7) (-178 to -190)**; 
L-off: -6.3 h r  1 

W i s t a r  z?, 

days 
~ d ,  200 

104d, 24 

(-5.9 to -6.6)* 

Mid-L: --315O; 29 

Mid-L: ~ - 1 6 5 ~ ;  28 

1121 L[06W-16"]: 'Mitoses in l iver/1000 [6 I 
L-off: --16 h r  D[16"-06"] I cells [Cres t ]  

8 [TI Li(130)[07m-19m]: General activity [Cres t ]  , 

mesticus I 

D[19m-07"] -~ 
L[o5=21ml: 

D[2130-05m] 

-~ 
L[ 08W-2 0001: 

D[20"-08"] 

Ceucophuea 
maderae 

L-off: --5 h r  
Urine volume, 3.9 1.8 Mid-L: -198O 46 

m1/4 h r  [Cres t  1 (-185 to -211)*; 
L-off: -5.2 h r  

Urine histamine, 21.7 8.2 Mid-L: -154" 
pg/4 h r  [Cres t  1 (-127 to -181)2<; 

L-off: -2.3 h r  

L-off: --3 h r  
Susceptibil i ty5 to ether,  -40 -[?I Mid-L: 5-135'; 33 

chloroform & carbon 

' i ; [ 7 h r l a [ m h r l  

recovery t ime [ ~ r e s t l l  -t Activity[=t] I /Mid-L:--170"; I 4 0  

Activity [Onset] Mid-L: --50°; 

Activity [Onset] Mid-L: --loo; 
L-off: -0 

L-off: -0 

% Repeated observations. 5 Single observations. 5 Susceptibility rhythms r e fe r  to physiological changes dependent 
011 the t imes  (circadian sys tem phases) at which exposure to the noxious agent occurred. 3 Evaluation based on r e -  
covery t ime of 50% of subjects. ?% Determined by telemetry f rom implanted t ransensors .  %Food and water at  w i l l .  
Z% Synonym. 

Contributors: Nelson, Walter, and Halberg, Franz  

Re-ferences: [l] Aschoff. J. 1960. Cold Spring Harbor Symp. Quant. Biol. 25:l l .  [2] Bakke, J. L., and N. Lawrence. 

1965. Metabolism 14:841. [3] Barnum, C. P., C. D. Jardetzky, and F. Halberg. 1958. Am. J. Physiol. 195:301. 

[4] Clark,  R. H., and B. L. Baker.  1964. Science 143:375. [5] Davis, W. M. 1962. Experientia 18:235. [6] Davis, 

W. M., and 0. L. Webb. 1963. Med. Exptl. 9:263. [7] Dray, F., A. Reinberg, and J. Sebaoun. 1965. Compt. Rend. 

261:573. [E] Ertel ,  R. J., F. Halberg, and F. Ungar. 1964. J. Pharmacol.  Exptl. Therap. 146:395. [9] Frank, G., 
e t  al. 1961. Proc.  AM. Meeting Am. Electroencephalog. SOC., 15th. p. 24. [lo] Click, D., et al. 1961. Am. J. 

Physiol. 200:811. [ll] Halberg, F. 1960. 

Perspec t ives  Biol. Med. 3:491. [13] Halberg, F. 1964. In K. E. Schafer, ed. Bioastronautics. Macmillan, New 

York. p. 181. [14] Halberg, F. 1964. Monatsk. Aerztl.  Fortbild. 14(2):67. [15] Halberg, F., P. C. Albrecht, and 

J. J. Bittner.  1959. Am. J. Physiol. 197:1083. [16] Halberg, F., R. E. Peterson, and R. H. Silber. 1959. Endo- 

crinology 64:222. [17] Halberg, F., and A. N. Stephens. 1959. Proc.  Minn. Acad. Sci. 27:139. [la] Halberg. F., 

M. B. Visscher,  and J. J. Bittner. 1953. Am. J. Physiol. 174:313. [19] Halberg, F., e t  al. 1951. J. Lancet 71:312. 

[20] Halberg, F., e t  al. 1959. Publ. Am. Assoc. Advan. Sci. 55:803. [21] Halberg, F., e t  al. 1960. Proc.  SOC. 

Exptl. Biol. Med. 103:142. [22] Halberg, F., e t  al. 1961. Experientia 17:282. [23] Halberg, F., e t  al. 1965. Acta 

Endocrinol. 5O(Suppl. 103). [24] Halberg, F.. et al. 1966. Physiologist 9:196. [25] Haus, E. 1964. Ann, N. Y. 
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186. PHASE RELATIONS OF CIRCADIAN RHYTHMS ANIMALS 

Part I .  REGULARLY ALTERNATING LIGHT: DARK CYCLE 

0 

Acad. Sci. 117:292. [26] Haus, E., and F. Halberg. 1959. J. Appl. Physiol. 14:878. [27] Haus. E., and F. Halberg. 
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Part 11. PHASE C H A N G t  OF LIGHT:DARK CYCLE 

, Biolorrlcnl I 
1 Rerponre of 
1 RhyUlm 

No* Of Vnriible 1 Change in Lighting Regimen 
Subjectr ’ [Phame 

- 
I 

2 

3 

4 

5 

6 

7 

8 

1 Marker] I 
or)ro sapieirs 1 

I 

I 

8 L[07N-22”]:D[223^-07“”]changed :Resynchronization 
abruptly to 1 in all  subjects in 

D[10”- 19“”]:~[ 19”̂ - lO’”1L I 3-4 days after 

in -6(4-8) days 
8 

urine pH & abruptly to 
specific 1 ~ [ 1 0 ” - 1 9 ~ 1 : L ~ 1 9 ~ - 1 0 ~ 1 ~  
gravity [Pa t -  I 

I 
~- __ 

24-hr periodic routine changed to %synchronization i 

Abrupt reversion to 
previous regimen 
resulted in s imi la r  
ra te  of rp s h i f t  ~~ 

Abrupt reversion to 
previous regimen 
resulted in s imi la r  
rate of rp shift 

1-2 days in 1 1 ;  

__._ - _ _  

- _  

I 

in 1-2 days in+ ~ 

I - - - - - - - - - - - - - 
3 /Total activity L[12 hr]:D[12 h r l  period gradually No resynchronization with periods I 

shor te r  than 21 h r  or longer than; 
27 h r  (v drifting occurred beyond: 
these ex t remes)  

------------- 
[Weighted 
midpoint of 

lengthened o r  shortened (in steps 
, of 1 h r  at  At of a few days). with 

-. 

before, and 5.6.8, & 
days after,  change 
lighting regimen: ri 
of Acp slower durinl 
f i r s t  4 days than dt 
ing last  4 dws 

600 

L Blindfold used for D span. 

592 

continued 



1%. PHASE RELATIONS OF CIRCADIAN RHYTHMS: ANIMALS 
Part 11. PHASE CHANGE OF LIGHTDARK CYCLE 

0 

cus mani- 
culatus, 1 

Pattus 
1 

3 

- 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20  

21 

22 

23 

2 4  

activity, food chan ed to chronized with the 
consumption Li(43)fE hrl:Dusk[l hr]:  16-hr regimen af- 
& water con- Li( 09)[6 hr]:Dawn[l h r ] L  t e r  -4 days 
sumption 
[pattern] 

mrvegicus  
Running-wheel L[08"- 16@']:D[ 16m-08m]changed to  Resynchronization 

activity[Pat- D[08W-20m]:L[20m-0800~by single 
te rn l  28-hr D span 

a1 tempera- changed to in -8 days (by mined by telemetry 
ture  [Crest]  D[06~-18m]:Lf(200)[18m-06m]by -Arp) f rom implanted t ran-  

in 7-10 days 

Intraperitone- L f ( 2  00)[06m- 1 8m].~[18m_06"] Resynchronization Temperature deter-  

s i n  le 24-hr-L span senso r s  

changed to in -0 days (by mined by telemetry I tu re  altempera- [Crest]  I D[06m- 18"1:~&5)[ 18m-06m1 by I -Ai) f rom implanted t ran-  
single 24-hr-D span sensors  

in -8 days (by 

Administered intraperitoneally. 5 Using "twilight transitions." 5 Repeated observations. 

mined by telemetry 
f rom implanted t ran-  
sensors  

mined by telemetry 
f rom implanted t ran-  

Temperature deter-  

10, 
11 
- 
8 

japonica.6 nal tempera- abruptly to within 24 h r  
ture D[10m-20m]:~[2000-10m] 

FWngilla coelebs 

4 

- 

sensors  

mined with implantec 
thermocouple _ _ _ _  

Temperature deter-  
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13 

9 

9 

8 

Uca sp.  
10% 

Activity [On- 

Activity [On- 

L(250)[12 hr]:L(0.5)[12 hr l inver ted  Average of 5-6 days > ~ ~ < ~ ~ 6 ~ - f ~ > ~  

L(250)[12 hr]:L(O.S)[lZ hrlinverted Average of 5-6 days Masking effect of light 

I 

se t l  by single 24-hr L(0.5) span resynchronization by -&) 1 -  

se t l  by single 24-hr L(250) span  required for  re -  resulted in initial 
synchronization tArp in some birds 

required for  resyn- 
chronization (by +Av) 

Activity [On- L(250)[12 hr]:L(0.5)[12 hrlshifted Average of 4-5 days I 
required for resyn- 
chronization (by -Av)  

--- 
Activity [On- L(250)[12 hr]:L(0.5)[12 hrlshifted Average of 2-3 days 

se t  1 by single subtraction of either 6 
h r  L(250) or 6 h r  L(O.5) 

by single addition of either 6 h r  
L(250) o r  6 h r  L(O.5) 

s e t l  

Chromato- L(-43 0)[ O6Oc- 1 EC0]:D[ 18"- 06°01 Resynchronization 
phore [Pat-  changed to apparent on 2nd 
te rn l  D[ 09m-2 lm]:L(-160O)[2 1m-09m1 day 

by single 27-hr L span 
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Biological 
Rerponee of 

Rhythm Chnqe in Lighting Regimen No. of 
Subjectr [Phare 

Mnrker.] 

. 

Ref - 
Remarlca er- 

ence 
I ' uca sp.  ' 

25 10% Chromato- L:D (natural) changed to 
phore [Pat-  ~ ( 1 0 8 0 ) [ 1 9 ~ - 0 7 0 ° ] : D [ 0 7 m - 1 9 ~ ]  
te rn l  for 6 days, then to DD; observa- 

tions made for 1st 5 days in DD 

phore [Pat-  ~(22)[19m-07~]:D[0703-19"01 for  
ternl 

26 Chromato- L:D (natural)  changed to 

6 days, then to DD: observatlons 
made for 1st 5 days in DD 

'P in DD shifted -12 3 
h r  from 'P in L:D 
(natural) 

' 

rp in DD shifted -6 
h r  from rp in L:D 
(natural) 

1 -  

Contrzhtttors: Nelson, Walter. and Halberg. Franz 

Appr*ii- 
imah  
Maxi. 
mum 

Biological Light Perturbation 
No* Of Variable 
sub- 1 [Phare 1- -____- 
jectr Marker 1 Kind 

Am Timing 
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Remarlca or- 

once 

Part 111 SINGLE PERTURBATIONS OF ILLUMINATION 

L between slashes indicates light p~r tu rba t ion  of an otherwise continuous regimen--e.g., DD/Lf(1080)[15 minl/DD= 
a 15-minute interruption of contini u s  dark by light, at an intensity of 1080 lux, from a fluorescent lamp. 

I I I t i l  I 

DD/I i (5 .4) [10  min]/DD; at  
intervals of severa l  days 
to severa l  weeks 

__- 
DD/Li(5.4)[10 min]/DD; at 

intervals of I n  days 

-. 
- 1  hr  before, to -7 -75 min -Arp complete at  f i r s t  onset 3 

h r  after, onset after perturbation; Arp 
varied up to twofold among 
individuals 

t 2 5  min tArp required days or weeks -7-12 h r  after on- 

-0-4 h r  after ac- -70  min -Av maximum at first sub- 4 
set  for completion 

tivity onset sequent onset 
-4-12 h r  after ac- +I40 tArp maximum after s eve ra l  

- 

j ;;;,a; 1 [onset1 I min transient cycles tivity onset 
-12-24 h r  a f te r  ac- 0 
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__- tivity onset - 

. 

- ~~~ 



ictivity 
[Onset] 

i . 

'L(200)[12 hr]:L(0.5)[12 hr ]  Last change of L(0.5) -3 h r  Arp determined by extra- 
polation f rom "free- changed to LL(200) to L(200) at 5 h r  

after activity onset running" onsets 

to L(200) at 20  h r  
after activit onset 

to L(0.5) at 4 h r  af- 

Last change of L(0.5) t 6  h r  

L(200)[12 hr]:L(0.5)[12 h r  Last change oyf L(200) t 1  h r  
--- 

Arp for L-to-"D" t rans i -  
changed to LL(0.5) tion opposite to that ob- 

I 

ter  activity onset 

Last change of L(200) -6 h r  
to L(0.5) at 21 h r  
after activity onset 

- 
6 

7 

8 

9 

10 
11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 - 

served for  "D"-to-L t ran-  
sition 

tion opposite to  that ob- 
served for  "D"-to-L t ran-  

Arp for  L-to-"D" t rans i -  

, sition 

No. of 
Sub- 
jects 

W n -  
gilla 
coe- 
lebs, 

- 

3-13 

m 
10 

- 
10 

D ~ O S O -  
phila 
pseu- 
doob- 
scura 
cul- 
t u re s  

Leuco- 
phaea 
ma - 
derae 
1 

- 

Iclosion IDD/Lf (1080) [mn] ]DD 

sec]/DD 
[Distri- 
bution 
median] 
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- -  
of rhythm 

sion median 
11-16 h r  a f te r  eclo- -11 h r  -Arp nearly maximum at 

first eclosion a f te r  per -  
turbation 

17-23 h r  a f te r  eclo- +11 h r  tArp requi res  -6 transient 
cycles to become maxi- 
mum ~ 

sion median 

10-17 h r  after eclo- -6 h r  

0-1 h r  k 18-24 h r  t 7  h r  
sion median 

after eclosion me- 

Light Perturbation 
Remarkr  

Biological 
Variable 
[Phase 

Marker] 
Timing 

dian 

whee l  
activity 
[onset]  

-6 h r  
phores 1 3 m o r  19O0 , 0 
[Pat- 

phores ter start of night 
[Pat - phase of rhythm 

hr]/DD start  of day phase 

f i r e  onset 

ter onset 
Beginning-7 h r  af- t 1  h r  

0-12 h r  after activity - DD changed to  

[Distri- 
bution 
median] 

I ity onset 

I- 
I 

I Li(27Og12 hrl:D[12 h r ]  I onset - 1  I 112-24 h r  a f te r  activ- It 

3ef - 
er- 
mce - 

1 

Contributors: Nelson, W a l t e r ,  and Halberg, Franz 
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Part IV. INTERNAL TIMING: MOUSE 

Values for P a r t  IV were obtained from analysis of allavailable data, whereas values for  P a r t  I a r e  om data lr an 
integral  cycle. Small discrepancies therefore occur in  ( P I S  (sample phases)between the figure i n  Pa r t  IV and c o r r e -  
sponding functions in the preceding tables. The figure w a s  derived from external-timing estimates of 24-hour s p -  
chronized circadian rhythms and i l lustrates the phase difference between two circadian c re s t s ,  i.e., internal timing. 
cp, a s  delay of 24-hour synchronized circadian c re s t  f rom local 24O0, is givenin clock hours and degrees on outer and 
middle scales ,  respectively. Light-dark regimen (white f o r  light and black for  dark)  is indicated on inner scale.  
4 = internal timing, given in degrees.  C = circadian amplitude; SD = standard deviation, expressed as % of circadian 
amplitude. For further information on internal timing, consult reference 1; on methodology, references 2 and 3. 

w 

Colonic lernpcroture 

4 .  G m s  molor oclt~ily 

v 3.  Susceplibilily lo elho 

* 2 Adreno1 cort~coslwme 

V I  .Blood eosinophils 
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